Mobile handheld devices are increasingly being used in education. In this paper, we undertook a review of empirical based articles to summarise the current research regarding the use of mobile handheld devices (personal digital assistants/PDAs, palmtops, and mobile phones) in K-12 and higher education settings. This review was guided by the following four questions: (a) How are mobile handheld devices such as PDAs, palmtops, and mobile phones used by students and teachers? (b) What types of research methods have been applied using such devices? (c) What data collection methods are used in the research? and (d) What research topics have been conducted on these handheld devices in education settings, as well as their related findings? We summarise and discuss some major findings from the research, as well as several limitations of previous empirical studies. We conclude by providing some recommendations for future research related to mobile handheld devices in education settings.
Introduction
In the last few years, mobile handheld devices have emerged as a tool for teachers and students to use in K-12 and higher education settings. In this article, we adapted Becta's definition (cited in Perry, 2003) to refer to mobile handheld devices as any small machines that can be carried easily in one's palm and provide computing, as well as information storage and retrieval capabilities. Mobile handheld devices differ from other mobile tools such as laptops because the latter, although portable, are typically not small and light enough to fit in one's palm. Figure 1 , adapted from Seppälä and Alamäki (2003) , provides a pictorial illustration of the relationship between mobile handheld devices with laptops and desktop personal computers.
One of the promises that mobile handheld devices hold is that of a one device to student ratio (Mifsud, 2004) . Such a ratio enables a change from the occasional and supplemental use associated with computer laboratories, to more frequent and integral use of portable computer technology in teaching and learning (Roschelle, 2003; Tinker & Krajcik, 2001) . Some researchers (e.g. Soloway et al., 2001) believe that such devices have the potential to revolutionise learning, allowing students to undertake learning activities wherever they happen to be. Furthermore, because mobile handheld devices are personal and portable, they may incite in learners a sense of personal ownership over learning tasks and the technologies used to support learning (Hennessy, 2000) .
The purpose of this article is to review the empirical literature pertaining to the use of mobile handheld devices in K-12 and higher education settings. In this article, we limit our review of handhelds to devices such as personal digital assistants (PDAs),
Significance of this review
This review of research not only helps researchers and educators identify the contemporary research topics, research methodologies, and usage of mobile handheld devices in K-12 and higher education settings, but also suggests directions for future research as well as some guidelines for the nature of that research.
Method Searching and selection procedures
The search for relevant literature was completed in two stages. First, we examined peer reviewed articles that we found in electronic databases using keyword searches including mobile learning, wireless learning, and handheld devices. We used Academic Search Premier, Business Source Premier, Communication and Mass Media Complete, ERIC, Library, Information Science and Technology Abstracts, and PsycARTICLES. In the second stage, we used the "snowball" method by searching for journal articles, as well as articles presented in peer reviewed conferences that are cited in some of the articles that we had read. Altogether, as at 28 December, 2008, we read 136 articles and deleted 92. The 92 articles were discarded because they were opinion papers, conceptual articles, non-empirical descriptions of program implementations, and literature reviews. The Appendix includes the remaining articles (n=44) which we included in our review of research. The 44 articles are listed according to the authors, year of publication, purpose, research method, data collection method, and context.
Data analysis
The basic unit of analysis was the individual empirical article. To answer the first research question, "How are mobile handheld devices such as PDAs, palmtops, and mobile phones used by students and teachers?", we used Churchill and Churchill's (2007) framework to guide our initial analysis and coding. This framework originally explicates a set of five ways in which PDAs may be used, namely as: (a) multimedia access tools, (b) communication tools, (c) capture tools, (d) representational tools, and (e) analytical tools. (See the Results section for a fuller description.) Although Churchill and Churchill's framework was used a priori, we did not forcefully impose any of the coding categories onto our data corpus. During the course of our analysis, we also allowed for new categories (if any) to emerge inductively.
To address the second, third, and fourth research questions, "What types of research methods have been applied using these handheld devices?", "What data collection methods are used in the research?", and "What research topics have been conducted on these mobile handheld devices?", we employed the constant-comparative or grounded approach espoused by Lincoln and Guba (1985) . This approach is similar to the iterative pattern coding method (Miles & Huberman, 1994) . Specifically, the various categories of research methods, data collection methods, as well as research topics were not predetermined prior to our analysis but emerged inductively and were continually refined through our interaction with the data.
Results

Uses of mobile handheld devices
At the conclusion of our analysis, we had seven major categories of the uses of handheld devices such as PDAs, palmtops, and mobile phones in education. The seven categories include: (a) multimedia access tool, (b) communication tool, (c) capture tool, (d) representational tool, (e) analytical tool, (f) assessment tool, and (g) task managing tool. The first five categories originated from Churchill and Churchill's (2007) framework, while the remaining two (i.e., assessment tool, and task managing tool) emerged inductively from the data via the constant-comparative approach (Lincoln & Guba, 1985) .
Multimedia access tools
This refers to employing the PDAs, palmtops, or mobile phones as tools for accessing multimedia resources such as e-books, databases, web pages, PowerPoint presentations, audio files and video clips (Churchill & Churchill, 2007) . For example, students in Maniar's (2007) study watched an educational five minute video clip on how to measure blood pressure on a Nokia 6600 mobile phone, a Motorola E1000 phone, or a Compaq iPAQ H3800 PDA.
Communication tools
This refers to employing the handheld devices to communicate information from one person to others (Churchill & Churchill, 2007) . Such communication may be established synchronously and asynchronously over mobile telephony or email. An example of such usage can be found in Seppälä and Alamäki's (2003) study in which student teachers and their supervisors used a Nokia Communicator 9210 to communicate with one another (e.g., using short message service, SMS) during a teaching practicum.
Capture tools
This refers to utilising the devices to capture various data and media (Churchill & Churchill, 2007; Cochrane, 2008) such as video, still pictures, audio (e.g. interviews), or certain specific data such as water pollution indices via specially designed probes and sensors attached to the device. For example, students in Burke, Colter, Little and Riehl's (2005) study utilised PDAs and temperature probes to gather on site data from grocery stores and restaurants. Students (e.g. pre-service teachers) might also use the inbuilt cameras available in mobile phones to capture digital pictures of their classrooms or lessons (Seppälä & Alamäki, 2003) , use mobile phones as a video recording device to capture episodes of their lessons (Ferry, 2008) , or record audio narrations using iPods with attached microphones (Olney, Herrington, & Verenikina, 2008) .
Representational tools
PDAs, palmtops, or mobile phones may also be used by students to create representations that demonstrate or showcase their thinking, ideas, experiences and knowledge (Churchill & Churchill, 2007) . Students in Dieterle and Dede's (2006) study, for example, used PiCoMap, a concept mapping software to create maps with at least four nodes and four connections. The maps were subsequently beamed to other classmates; after which the students discussed similarities and differences among the various maps. Students in Polishook's (2005) study used software such as NotePad, BeatPad to compose music with their PDAs and explored how the PDAs might allow for artistic representation and expression that could not be duplicated with other tools.
Analytical tools
This refers to employing the devices to manipulate certain data or variables such as graphic calculators (Churchill & Churchill, 2007) . An example of this could be found in Hennessy (2000) , where 48 students aged 13-14 years used graphing facilities to plot temperature data which they had earlier captured using thermometers.
Assessment tools
This refers to the employment of handhelds for students to answer examination questions, tests, or quizzes. For example, Ganger and Jackson (2003) implemented the use of PDA based medical school exams in a wireless environment and reported the results of a student satisfaction survey of using such a tool. In another example, Fujimura and Doi (2006) implemented the use of mobile phones with Internet capability to assess students' degree of comprehension of course content. Other examples of using handhelds as assessment tools can be found in Segall, Doolen and Porter (2005) , Treadwell (2006) , and Triantafillou, Georgiadou and Economides (2008) . Besides using handhelds to conduct summative assessment (e.g. school exams), students may also utilise PDAs or mobile phones for the purpose of formative assessment. Specifically, students may use handhelds as a student response system tool to send responses to an instructor's questions (usually in multiple choice format) in class (Chen, Myers, & Yaron, 2000; Jackson, Ganger, Bridge, & Ginsburg, 2005; Miyata & Kozuki, 2007) . In such a system, students' inputs are typically aggregated and displayed for the instructor and students. Aggregated responses can inform both teachers and students the overall distribution of the students' responses in a classroom in real time (Fies & Marshall, 2006 ). An example of using handhelds as student response systems can be found in Jackson et al.'s (2005) study of wireless handheld computers in an undergraduate medical school. A series of instructor generated multiple choice questions were published on a portal for the students to access via PDAs during lecture. Students then responded to the questions in one to two minutes. The instructor and the class viewed the responses in real time allowing the instructor to modify the lecture content on the fly based on subject matter deficiencies shown by the students' responses in the large group setting (Jackson et al., 2005) , in order to meet students' real and immediate learning needs (Beatty, 2004) .
Task management tools
This refers to utilising the devices as personal information managers which store and organise a user's address book, contact information, calendar, task lists (i.e. 'to-do-list'), documenting or recording student grades, attendance rates, or submission of homework (e.g. Corlett, Sharples, Bull & Chan, 2005; Dieterle & Dede, 2006; Franklin & Sexton, 2006; Jackson et al., 2005; Johnson & Wilkes, 2004; Olney & Lefoe, 2007; Sharples, Corlett, Bull, Chan & Rudman, 2005; Tyler-Wood, Rademacher, Dunn & Whitworth, 2007; Yamamoto & Akahori, 2006) . Further analysis suggested that the three most frequent uses of the handhelds centered on utilising the devices as communication (21.8%), multimedia access (20.5%), and task management (17.9%) tools. These were followed by the use of handhelds as assessment (14.1%), capture tools (12.8%), representational (6.4%), and analytical tools (6.4%) (See Figure 2 
Types of research methods
In this section, we summarise the various research methods used in the previous studies we reviewed. A total of eight types of research methods were found: descriptive research, true experiment, experiment (weak), quasi-experiment, ex-post facto, single-subject, design-based research, and mixed method.
Descriptive research
Typically naturalistic and depicts conditions as they exist in a particular setting (Ross & Morrison, 1997) . According to Knupfer and McLellan (1996) , descriptive research is mainly concerned with what is type of questions that describe events focusing on a particular issue or phenomenon.
True experiment
Used to test hypotheses concerning causation (Ross & Morrison, 1997) ; for example, using PDAs leads to better student learning. Typically, in a true experimental design, there exist two groups: a treatment group and a control group. In addition, participants are randomly assigned to either group (Fraenken & Wallen, 2006) .
Experiment (weak)
A typical weak experimental method is the one-group pretest-posttest design, in which a single group is measured both before and after a particular treatment (Fraenkel & Wallen, 2006) . There is no comparison or control group.
Quasi-experiment
Similar to true experiment in that there exist two groups (i.e. a treatment group and a control group) but without the use of random assignment of participants to the groups (Fraeken & Wallen, 2006) .
Ex-post facto
Intact groups are used, however, the treatment is not manipulated (Ross & Morrison, 2004) ; the treatment has already occurred.
Single subject design
In this research method, data are collected and analysed for only one subject at a time; and is most commonly used in special education to examine the changes in an individual's behaviour after exposure to an intervention or treatment (Fraeken & Wallen, 2006) .
Design based research
This type of research typically involves both the design of certain forms of educational interventions based on a particular theoretical framework and systematically studying these forms in context, in order to better understand the various issues that target domain specific learning processes (Cobb, Confrey, diSessa, Lehrer & Schauble, 2003) . Design-based research usually entails a continuous cycle of design, enactment, analysis, and redesign (Collins, 1992) .
Mixed method
This specific type of research method includes studies that have more than one type of research method reported. For example, the first research method might be true experiment, while the second method was descriptive research (e.g. Thornton & Houser, 2005) .
Results indicate that on the whole, descriptive research was the most common type of research method (65.9%), followed by experiment (weak) (11.4%), mixed-method (6.8%), quasi-experiment (4.5%), true experiment (4.5%), ex-post facto (2.3%), singlesubject design (2.3%), and design-based research (2.3%). Figure 3 illustrates the percent of the various types of research methods. Figure 3 : Types of research methods
Data collection methods
The data collection methods that were found in our review of past empirical studies included the following five methods: test or quiz, questionnaire, interview or focus group discussion, observation, and content analysis.
Test or quiz
This data collection method may include pretest and posttest. Pretest is an instrument used to gather participants' baseline performance data prior to an intervention or treatment of some sort. An example of pretest data is participants' English vocabulary test or quiz scores before studying materials via mobile phone email. Posttest, on the other hand, is an instrument used to gather participants' performance data after the conclusion of an intervention or treatment of some sort. An example of posttest data is participants' English vocabulary test or quiz scores after studying materials via mobile phone email.
Questionnaire
A Likert-type scale of items used to collect data on participants' satisfaction, or attitudes about a specific issue; for example students' satisfaction with using mobile phones in learning English vocabulary.
Interview or focus group
We refer to interview as a verbal exchange or conversation between the researcher and an individual participant done either face to face or through the telephone. On the other hand, in a focus group interview, the researcher questions several individuals in small groups simultaneously (Fontana & Frey, 2000) .
Observation
A data collection method in which the researcher directly watched participants in natural contexts or in contexts that are contrived to be realistic in order to get an indication of their behaviours or activities (Knupfer & McLellan, 1996) .
Content analysis
A data collection method used by researchers to study participant behaviour or activity indirectly by gathering and examining the written contents of a communication (e.g. project plans, reflection logs, journals, emails, student worksheets, time logs, or text messages), usually through a process of comparison, and categorisation (Fraenken & Wallen, 2006; Schwandt, 1997) .
Results showed that 31.4% of all data collection methods used in previous studies were questionnaire, 22.5% were test or quiz items, 20.6% were content analysis, 18.6% were interview or focus group, and 6.9% were observation (see Figure 4 ).
Research topics and findings
A total of four main research topics were found: usage profile, viability as an assessment tool, learning outcomes, and attitudes.
Usage profile
This topic of research typically examines: types of handhelds owned, frequency of use of devices, as well as the purposes for using them. For example, Thornton and Houser (2005) Figure 4 : Data collection methods ages ranged from 18 to 21, and disciplines of study included English as a foreign language, modern culture, computers, design, and home economics. Overall results showed that email was the most utilised mobile phone feature with an average of almost 200 email messages per week. Students (83%) mainly used mobile email for chatting with friends, 66% used it to ask other students about classes, and 44% used it for studying. Only 20% of students had used a PDA.
Other studies (e.g., van 'T Hooft, Diaz, & Swan, 2004) examined 217 grades 1-12 students' usage of PDAs, and found that 29% used them one to two times a week, 37% reported three to four times a week, and 32% reported using them almost every day. Kennedy, Judd, Churchward, Gray & Krause (2008) reported that almost 80% of 2,120 students used their mobile phones to SMS people daily, and 57.2% of students used them to take pictures on a daily or weekly basis. The researchers found that some functions of mobile phones had yet to enjoy a wider usage. For example, a vast majority of students have not used their mobile phones to access information on the web (67.8%) or to send and receive email messages (75.8%). Churchill and Churchill (2007) found that the purposes of using PDAs included accessing multimedia resources, communicating between students-students and students-teachers, capturing data, representing students' ideas or knowledge as in concept maps, and analysing and manipulating data.
Viability as an assessment tool
This topic of research examines the usability of mobile handheld devices such as PDAs for assessments such as school based examinations, tests or quizzes. In our review of the research, we found four studies that dealt explicitly with this research topic. Of these four, two studies compared the use of PDAs versus paper and pencil in terms of student test scores, efficiency, and student satisfaction (Segall et al., 2005; Treadwell, 2006) , one examined only the satisfaction aspect (Ganger & Jackson, 2003) , while one study investigated the design and development issues regarding the implementation of a computerised adaptive test (CAT) on PDAs (Triantafillou et al., 2008) .
Overall, previous empirical results suggested that there was no statistically significant difference in terms of test scores between students who used the PDAs and students who used the paper based assessment method (Segall et al, 2005; Treadwell, 2006) . Efficiency may be defined as the resources consumed in order to obtain a goal (Segall et al, 2005) . Some of the efficiency measurements reported in previous studies included time to complete a quiz or test, and time to prepare a quiz. Results with regard to efficiency in terms of time to complete a quiz or test were not conclusive. Although Segall et al's (2005) results suggested that although the PDA based quiz was more efficient to complete compared to the paper and pencil quiz, the results should be interpreted carefully because the two quizzes were dissimilar in the material covered.
On the other hand, the results for efficiency in terms of time to prepare a quiz or test seemed to indicate that PDA based assessment took a lesser time to prepare compared to the paper and pencil based assessment (Treadwell, 2006) .
Results pertaining to student satisfaction were mixed. One study (Ganger & Jackson, 2003) indicated that students preferred paper and pencil assessment to PDA based assessment, because the latter did not permit flagging questions for later review; each question in the PDA was answered and submitted individually, hence students were unable to review or change their responses. Segall et al (2005) found no significant difference in student satisfaction between the PDA based and paper and pencil assessment methods. On the other hand, other studies (e.g. Treadwell, 2006; Triantafillou et al., 2008) suggested that students were satisfied with a PDA based assessment system. For example, students in Triantafillou et al's (2008) study indicated that the test was clear and secure, and that the use of the PDA was very interesting and attractive.
Learning outcomes
This research topic investigates whether the use of mobile handheld devices can improve or enhance students' learning. In our review of the research, we found 11 studies Chen, Kao & Sheu, 2003; Hennessy, 2000; Kong & Li, 2007; Maniar, 2007; Moallem, Kermani & Chen, 2003; Schcolnik, Kol & Oren, 2007; Tan et al., 2007; Thornton & Houser, 2005; Zurita & Nussbaum, 2004 ) that dealt with this research topic. Of these 11 studies, three compared the performance of students who used PDAs or mobile phones with students who used other methods such as books, desktops, or paper. These studies were done primarily using quasi-experimental or true experimental research methods. For example, Chen et al (2003) examined whether elementary students' performance (pretest and posttest) of bird knowledge benefited from using PDAs. Students in the PDA group used the handheld devices to observe a static image of the bird, search for information about birds, and answer multiple questions on features of birds. The control group, on the other hand, was given a twocone telescope and a guidebook. This group identified bird features with the telescope, searched for information with guidebook, received questions orally, and provided answers on a paper worksheet. Results suggested that students using the PDA significantly outperformed students who were using guidebooks. The researchers posited that this was due to the students having to spend more mental effort for completing the task on their own using the PDA. However, what such mental effort entailed was not explained at all.
In another comparison study, Thornton and Houser (2005) assessed students' learning of English vocabulary via mobile phones compared to using the Web or paper based materials. The researchers of the study conducted two quasi-experiments. In the first quasi-experiment, a group of students (n=13) studied English vocabulary lessons over a two week period. These lessons were emailed to the students' mobile phones. Another group of students (n=13) were encouraged to study identical materials on an identical schedule, materials that the researchers had posted on a website. After two weeks, the two groups of students switched media for another two weeks. In the second quasi-experiment, two groups of students studied identical materials for two weeks. The researchers sent messages to one group's (n=25) mobile phones, and encouraged the other group of students (n=43) to study identical messages that they had printed on paper and distributed to the students. Overall results indicated that students who received mobile e-mail English vocabulary lessons at timed intervals learned more compared to students who were urged to regularly study identical materials on paper or Web. The researchers posited that the push aspect of mobile phones promoted regular study, and this more frequent study led to better learning. Zurita and Nussbaum (2004) examined a learning environment supported by wireless handhelds (PDA-like devices) to teach Spanish words for first graders in Chile. Specifically, the first graders were randomly grouped in three, where each child had one Spanish syllable. The children had to find out how to combine the syllables to build words known to them. One environment (the control group) was implemented without any technological support, while the other environment (the experimental group) was with the support of wireless inter-connected handhelds. There was a significant difference between the two groups in terms of their posttest scores in word construction with the experimental group performing better than the control group. The control group had problems (e.g. children quarelling) when dealing with the syllable tokens. Also, there were little or no discussion over a word to construct since one child imposed his or her personal point of view. On the other hand, the handhelds offered an environment where there was no arguing over the dealing of syllables (each child has one handheld) and the cognitive effort was targeted to the construction of words. Also, the handhelds gave each child the possibility to decide how his or her syllable was used in relation to the rest of the group, and then whether the formed word was correct.
Other studies (n=5), using weak experimental research methods, also attempted to determine whether the use of mobile handheld devices can enhance students' learning, but without the use of a control group Hennessy, 2000; Kong & Li, 2007; Moallem, Kermani & Chen, 2003; Tan et al., 2007) . With various student populations (university undergraduates, fourth, seventh and eighth graders), and different subject matter contexts (English language, mathematics, education, environmental issues), and employing mainly pretest and posttest scores, it seems that the results of these studies overall suggest that using such handhelds can enhance student learning.
One study (Levi & Kennedy, 2005) used students' self reports such as questionnaire and focus group data to measure the effectiveness of learning Italian via mobile SMS. The study did not employ any control group. Participants indicated that utilising mobile SMS could help their learning of Italian because the SMS served as a useful trigger or prompt to help students reinforce what they had earlier learned in class.
Finally, some researchers were interested in investigating how different screen sizes might affect students' learning performance (Maniar, 2007; Schcolnik, Kol & Oren, 2007) . For example, each student (n=16) in Maniar's study watched an educational five-minute video on how to measure blood pressure on their allocated devices such as -(a) small screen (Nokia 6600 mobile phone, screen size 42 mm diagonal), (b) medium screen (Motorola E1000 mobile phone, 58 mm), and (c) large screen (Compaq iPAQ H3800 PDA, 96 mm). Before watching the video, participants were asked four questions to assess their prior knowledge. After watching the video, they were asked the same four questions again. Maniar found that participants using the large and medium screen devices learnt significantly more than those using the small screen. No significant difference in the amount learnt between participants using the large screen and those using the medium screen. Overall, this suggests that screen sizes of approximately 58 mm (diagonal) and above can result in a significantly higher amount of information learnt compared to sizes of around 42 mm and below.
Attitudes
In addition to studying learning outcomes, researchers were also interested in outcomes in the affective domain, such as students' perceptions of desired functions in a handheld device, as well as students' satisfaction toward using PDAs and mobile phones. For example, in a survey involving 84 nurse students in their third year at the Department of Health and Behavioral Sciences, Berglund, Nilsson, Révay, Petersson and Nilsson (2007) found that the six most frequently mentioned functions that nurse students desired in a PDA included (a) calculator, (b) camera, (c) journal notes, (d) alarm function, (e) calendar, and (f) Internet/intranet/mail.
With regard to students' satisfaction, research overall seems to suggest that students like using the handhelds due to the following reasons: portability of the handhelds which made it very convenient for students to use waiting or traveling moments to do work using the devices, price advantage of the handhelds over laptops, ease of synchronisation of the handhelds with desktop computers by infrared (beaming), and instant-on capability of the devices (no waiting for an operating system to boot up) (e.g., Hennessy, 2000; Motiwalla, 2007; Perry, 2003; Seppälä & Alamäki, 2003; Van 'T Hooft, Diaz & Swan, 2004; Waycott, Jones & Scanlon, 2005) .
On the other hand, some of the reported dislikes about using the handhelds include: unfamiliarity with the devices, limited battery life, limited memory, small screen size, instability of the devices due to hardware crash, difficulties in making inputs using the stylus or phone keypads, and limited Internet browsing due to a majority of websites not rendering in a usable format on small screens (e.g. Chen, Myers & Yaron, 2000; Burke et al., 2005; Corlett, Sharples, Bull & Chan, 2005; Franklin & Sexton, 2006; Johnson & Wilkes, 2004; Olney & Lefoe, 2007; Ramsden, 2005; Seppälä & Alamäki, 2003) .
Results showed that 49.1% of all research topics were about learners' attitudes toward the use of mobile devices, 26.3% centered on usage profile, 17.5% were about learning outcome, and finally 7.0% focused on the viability of mobile handheld devices as an assessment tool (see Figure 5 ).
Discussion and conclusion
In this paper, we undertook a review of extant, empirical based research to summarise the current literature regarding the use of mobile handhelds devices such as PDAs, palmtops, and mobile phones, in K-12 and higher education settings. In this section, we summarise and discuss some major findings from the research, as well as several limitations of previous empirical studies. We conclude by providing some recommendations for future research related to mobile handheld devices in education. Figure 5 : Research topics Several major findings can be summarised from the research. These include the following:
1. Mobile handheld devices are most commonly used by students and teachers as communication and multimedia access tools (i.e. accessing multimedia resources such as e-books, databases, web pages, PowerPoint presentations). The widespread use of mobile devices as a communication tool is intuitively reasonable since these devices were originally designed and created for people to exchange information with one another. The dominant use of mobile devices (e.g. PDAs) as multimedia access tools suggests that the current technology functions primarily as replacement. According to Hughes (2005) , technology as replacement involves technology serving as a different means to the same instructional or learning goal. For example, students could read an e-book on a PDA. This activity replaces the reading of a paper based book with the unchanged learning goal of student gaining information. Or teachers asking their students to access web pages and PowerPoint presentations on the go using PDAs, instead of being in a physical computer lab using a desktop computer or classroom with the unchanged instructional goal for students to gain information. A possible driving force for the wide use of PDAs as replacement technology may be due to the convenience and portability of the handheld devices. Technology as replacement may be contrasted with technology functioning as transformation (Hughes, 2005) . The latter has the potential to reorganise students' cognitive processes and problem solving activities such as using graphing tools for exploratory data analysis, data organisation, and testing hypotheses related to the data (Pea, 1985) . Another plausible reason for the current wide use of PDAs as replacement technology is that students and teachers are new to using such devices in education; hence they are still exploring them. Technology integration stage theorists would view such users as being located in the familiarisation stage (Hokanson & Hooper, 2004) .
2. Descriptive research is the most dominant type of research method employed by previous empirical studies. This result supports Knupfer and McLellan's (1996) prognosis that there would be more studies employing descriptive research as their research method in recent years to explain educational events or issues. Another probable reason for conducting descriptive research is that it is better placed to answer complex educational questions situated in diverse contexts.
3. The most common data collection method used is the questionnaire. One possible reason for this might be the ability of the questionnaire to collect data from a large pool of participants relatively easily compared to other methods such as observation, or content analysis.
4. There is no significant difference in terms of test scores achieved by students in the PDA and paper and pencil based assessment methods. Results, however, seem to suggest that the PDA based assessment method is more efficient than paper and pencil method in terms of time to prepare the quiz or test; but is inconclusive whether the PDA based method is more efficient in terms of time to complete the test. Results pertaining to student satisfaction of using PDA as an assessment tool are mixed.
5. The majority of results appear to suggest that students' learning is enhanced through the use of mobile handheld devices. This finding, however, should be viewed with caution because of the lack of rigorous research designs. We will describe this issue in greater detail in a later section of this article, "Limitations of previous studies." Results also suggested that previous studies that examined students' learning appeared to focus on two types of Gagne's (1985) learning outcomes -verbal information, and intellectual skills. For example, with regard to the former, five of the ten studies dealt with language learning, in particular the learning of English vocabulary (e.g. Thornton & Houser, 2005) . The remaining five studies appeared to deal with an intellectual skills outcome such as discriminating different types of birds (e.g. Chen et al., 2003) .
6. In our review of previous research, we found that a majority of the studies tended to place greater emphasis on the features of the mobile devices and procedures for using them, rather than on the theoretical rationale or justification for using them. The use of theoretical foundations will help inform the pedagogy of using them -a key success factor to the successful use of mobile devices to enhance learning as claimed by Duncan-Howell and Lee (2007) . We recommend that researchers invoke appropriate theoretical foundations to inform future research. Some of the theoretical foundations relevant to learning and teaching in a mobile learning environment might include activity theory (Smørdal & Gregory, 2003; Waycott et al., 2005) and conversation theory (Kukulska-Hulme & Traxler, 2005; Pask, 1975) . For example, Waycott et al. (2005) described the application of activity theory to analyse how online students adapted and appropriated PDAs for their learning activities, what benefits the mobile devices enabled, and what problems students encountered. Conversation theory describes learning in terms of communication with teachers, as well as with other students (Laurillard, 2002; Sharples, Corlett & Westmancott, 2002) . It is through mutual conversation that one comes to a shared understanding of an issue or topic (Sharples et al., 2002) . Motiwalla (2007) addressed the application of conversational theory to mobile phones by describing how the push mechanism of SMS can help support conversations between students on a particular topic in a mobile learning environment.
7. The use of Everett Rogers' diffusion of innovation theory can also provide one with a possible framework to examine the uptake of mobile devices in teaching and learning. Specifically, Rogers (2003) described an innovation as "…an idea, practice, or object that is perceived as new by an individual or other unit of innovation" (p. 12). Although many would argue that mobile devices such as mobile phones and PDAs are not really innovative objects in the 21st century era, Rogers asserted that an innovation need not be a brand new thing, in contrast to what its name implies, but rather is perceived as new by the user. We believe that this is certainly the case with the use of mobile devices in K-12 and higher education contexts. Using Rogers' diffusion theory to reflect on previous research studies done on mobile devices has enabled us to make the following observations. First, we noted that for many studies, the uptake of mobile devices was mainly limited to the level of knowledge awareness, possibly due to the short duration of time in which the studies were conducted. A majority of the studies (56%) were limited in their duration, ranging from a few hours to one semester. Short-term studies do not allow users the opportunity to fully adopt the innovation because students and teachers are still new to using such devices in education; hence they are still exploring them. Second, we noted that one aspect of the innovation -complexity, which is the degree to which an innovation is perceived as difficult to use, can hinder the uptake of mobile devices in K-12 and higher education settings. While many users appreciated the portability of the devices, the results of our review suggested that users were also hindered by issues such as limited battery life, limited memory space, small screen size, difficulties with inputs using the stylus or phone keypads, and limited Internet browsing due to a majority of websites not rendering in a usable format on small screens. However, issue such as difficulties in inputing data using phone keypads, or small screens may perhaps be an irresolvable dilemma because any attempt to increase screen size or allow for a greater ease of data entry (e.g. via a keyboard), may render the devices bulkier and therefore less portable.
8. Some authors have suggested that the cost of using mobile handheld devices (e.g. price of the device, cost of mobile service) is a hindrance to introducing the devices into teaching and learning (Churchill & Churchill, 2007; Kukulska-Hulme & Traxler, 2005; Lindquist et al., 2007; Litchfield et al., 2007; McCracken, Withers & Fee, 2007; Perry, 2003) . However, other authors seemed to disagree (Allan, 2006; Moallem et al., 2003; Motiwalla, 2007; Thornton & Houser, 2005; van'T Hooft et al., 2004; Zurita & Nussbaum, 2004) . For example, Allan 2006 argued that although the cost of a mobile device (e.g., a PDA) varies according to functionality, size of memory, and accessory features, it is usually less expensive than desktop and laptop computers. As a result, schools and universities could afford to buy and use PDAs in teaching and learning more than they could with laptops. Motiwalla (2007) claimed that students could have more access to data services in the future due to the newer digital phones having low-cost access to fixed-rate data services from 3G to WiFi network services. Although it is important to examine the cost of usage (e.g., price of phone, cost of SMS messages) per se, we believe that it may be more crucial to investigate the cost effectiveness of using a mobile handheld device. Cost effectiveness compares the costs and actual outcomes of a particular course of action in order to determine whether it is indeed worth doing it. Universities would be interested to know if the money used to introduce devices (e.g. PDAs, mobile phones) could affect certain outcomes, for example whether student enrollment is positively affected by use of these devices in completely online courses. Brown (2005) suggested that the use of handhelds can make "learning even more widely available and accessible than we are used to in existing e-learning environments" (p. 299). Indeed, if more students choose to enroll in online courses that utilise such devices, it would help justify the money that schools must spend for using them.
Limitations of previous empirical studies
There are several methodological limitations concerning previous empirical studies. First, a majority of studies used a weak experimental method that utilised a one group pretest and posttest design to examine student learning outcomes due to use of mobile handheld devices use. According to Tallent-Runnels et al. (2006) , without a control group, differences found between pretest and posttest scores might not necessarily be attributable to the use of mobile handheld devices such as a PDA or mobile phone. Adding a control group and random assignment of participants to the research design could strengthen a study considerably (Tallent-Runnels et al., 2006) . While this may be true, we are hesitant to advocate media comparison studies per se (e.g., one group with PDA versus one group without PDA). This is because historically researchers in instructional technology have voiced concerns about comparing learning outcomes between different media due to the presence of many potential confounding variables which makes the task of pinpointing a specific factor or factors that may account for the learning difference difficult, if not impossible (Clark, 1983) . Instead, since different media possess different attributes (Kozma, 1994) , future research studies might focus on investigating where and how to best use mobile devices as an instructional medium. In recent years, researchers have advocated the use of design based research as a tool to study the use of educational technologies in authentic complex settings (e.g. Dede, 2005; Collins, Joseph & Bielaczyz, 2004) . Collins et al (2004) argued that, "They [design based methods] fill a niche in the array of experimental methods that is needed to improve educational practices." (p. 21). Future research studies could employ the design based research approach to researching the use of mobile devices in K-12 and higher education contexts.
The second limitation is that a great majority of the previous studies did not report effect sizes in the results or discussion section (the exception being Tan et al's 2007 study) . The APA Task Force stressed that researchers should provide some effect size estimate such as Cohen's d when reporting a p value since reporting and interpreting effect sizes is essential to good research (Wilkinson & APA Task Force on Statistical Inference, 1999) . Kotrlik and Williams (2003) argued that reporting effect size allows a researcher to judge the magnitude of the differences present between groups, thus increasing the capability of the researcher to judge the practical significance of the results derived.
The third limitation is that almost half (46%) of the descriptive research studies based their findings primarily on participants' self-reported data, such as interviews and questionnaire surveys. A general problem of studies based on self-reported data is that participants usually have correct notions about socially desirable answers, which can be referred to as the tendency to provide answers that cause the respondent to look good (Hakkarainen et al., 2001; Rosenfeld, Booth-Kewley, Edwards & Thomas, 1996) . Social desirability responding has long been viewed as a potential source of error variance in self-report measures (Hancock & Flowers, 2001) . In addition, studies that employed observations as a means to collect data did not report any inter-observer or intra-observer agreement reliability. Knupfer and McLellan (1996) argued that because human observers may have biasing expectations, and their recording methods may change over time due to fatigue or practice, it is important that an assessment of both inter-observer and intra-observer reliability be conducted for observational research.
The fourth limitation is that a majority of the studies (56%) were limited in their duration, ranging from as short as a few hours to one semester. Short-term studies cannot fully address some issues that may be critical in helping us understand how the use of mobile handheld devices might evolve over time. For example, studies that are short-term may suffer from a novelty effect, where it is possible that students and teachers are more likely to use the devices because the devices are new to them compared to participants who have used them for a longer period of time. This may introduce a significant bias with respect to the obtained results. Such a possibility, has indeed, been raised in one of the studies (Allan, 2006) who found that seventh graders had a preference for PDAs, while the ninth graders were divided in their responses. The difference between the ninth and seventh graders could be attributed to the novelty factor because the seventh graders only used the PDAs for less than one year, while the ninth graders, who had used the devices for almost three years, voiced their frustrations with the device's small screen size.
Suggestions for future research
We suggest that future research should provide a rich, thick description of the methodology, including the length of the study (8 of the 39 studies did not report the study duration), inter-observer and intra-observer agreement reliability, and effect sizes, so that findings can be adequately interpreted. Second, future studies should be longitudinal in nature, perhaps more than one year. Doing longitudinal studies not only provides researchers the opportunity to examine whether students' and teachers' perceptions of mobile handheld devices undergo change, but also to examine if the reported positive impact on students' learning outcomes hold over time. In addition, longitudinal studies can help reveal any detrimental effects of using the mobile handheld devices over a long period of time, which hitherto has not been investigated at all. Future studies might also examine the use of mobile handheld devices in relation to other types of learning outcomes besides verbal information and intellectual skills domains. For example, future studies should explore cognitive processes through problem solving, investigations and other inquiry based approaches using handheld devices. Finally, we urge future researchers to examine the influence of cultural and geographical contexts on use of mobile handheld devices. So far in our review, a majority of the studies involved participants from countries in North America and Europe, compared to other countries. There is a continual need to study participants in other countries in order to better understand how different cultural contexts might influence the use of mobile handheld devices differently. 15 third year university students majoring in the Dept of English Teaching in Taiwan. Device used was a PDA (HP iPAQ h5550). Duration of study was 5 weeks. The PDAs were used in a personalised English vocabulary learning system based on item response theory and learning memory cycle. Chen et al (2000) Explore the use of handheld for conducting concept tests
Descriptive research
Student questionnaire 50 students in a chemistry class in the USA. Duration of study was one semester. Device used was HP Jornada 680. The PDAs were used for concept tests -tests which were designed to be taken as part of a lecture with immediate feedback displayed to students and instructor (like a respond pad system). Chen et al (2003) Investigate whether student learning benefited from using mobile devices in a bird watching activity Experiment with random assignment Student pretest on features of birds, middle test (to guide students' attention to the key features of birds rather than measure their abilities), and posttest. 86 elementary school students in Taiwan. Duration of study one semester (6 bird watching activities). Device used was PDAs with wireless access. The PDAs were used by students (n=42 in 21 pairs) (PDA group) to observe static image of the bird, search for information about birds, and answer multiple questions on features of birds (pretest, middle test, and posttest). Control group (n=44 in 22 pairs) was given a 2cone telescope and a guidebook. This group identified birds with the telescope, searched for information with guidebook, received questions orally, and provided answers on a paper worksheet. 18 medical students in Norway during clinical practice. Duration was 12 weeks. One group was given PDAs that did not have any direct connection to the Internet. One group had PDAs with wireless connection at 4 locations. One group had PDAs that had GSM cellular phone cards, hence had access to the Internet anywhere. Tan et al (2007) Explore the use of mobile learning technologies for primary environment education in Singapore schools One group pretestposttest design Pretest, posttest 40 fourth graders in a Singapore school. Pupils divided into groups of 4. Each group has one high, one low achiever, and 2 average students based on the results of their last science assessment scores. Duration of study about 7 hours. Thornton & Houser (2005) Explore the use of mobile phones in English education Mixed methoddescriptive research and quasi experiment (not explicitly indicated if the students were randomly assigned into different groups)
Surveydescriptive research (n=333 female Japanese university students), preand posttest Descriptive research 1: 333 female university students' ages ranged from 18-21; fields of study included EFL, modern culture, computers, design, and home economics. Descriptive research 2: Three times a day at 9:00, 12:30, and 17:00 hrs, short mini-lessons (less than 100 words of text) were emailed to 44 female Japanese students in two EFL classes. Quasi-experiment 1: 13 students studied 2 sets of messages, with each set consisted of 10 vocabulary items over a 2-week period. Lessons were emailed to half the students' mobile phones, while the other half were encouraged to study identical materials on an identical schedule on the Web. After 2 weeks, the 2 groups switched media for another 2 weeks. Total duration 4 weeks. Quasi-experiment 2: Messages sent to one group's (n=25) mobile phones, the other group (n=43) were encouraged to study identical messages on paper. Duration 2 weeks. Treadwell (2006) Determine the usability of PDA for assessment Ex-post facto Posttest, time log, student satisfaction questionnaire 3 cohorts of Year 2 medical and dental students in South Africa: cohort 1 assessed using paper based method (2003) 12 students at the 2nd grade of senior high school in Greece. Devices were PDA (HP iPAQ), and Motorola MPx220. Duration of study not indicated. Students first were given a paper and pencil test, after which they completed a test with similar difficulty on the CAT mobile devices.
Tyler-Wood et al (2007)
Explore the use of handhelds as assistive technologies for students with mild disabilities who have issues with selfmonitoring Single subject design Student and teachers used a 3-point Likert scale (0=no success with implementation, 1=some success, and 2=great success) 1 student and 3 teachers in the USA. Duration of study was about 8 weeks. Mobile device used was the Dell Axim X30 PDA. The student and teachers used the PDA to record implementation whether the student was successful or not in following the learning expectations (rules) spelt out in the program. Van 'T Hooft et al (2004) Examine the potential of handheld computers
Descriptive research
Student and teacher questionnaire 9 teachers (grades 1-12), 217 students in north-east Ohio, USA. Device used Palm IIIc. Subject matter not indicated but appeared to be across many disciplines. Duration of study was 2 weeks. Waycott et al. (2005) Examine the use of PDAs as tools for reading course materials Descriptive research Student questionnaire, interview, transcripts about students' views of PDAs 65 postgraduate students at an Open University masters course (UK). Device used was PDAs. Duration of study not reported. Yamamoto & Akahori (2006) Examine the application of mobile phone in a university class
Student survey, teacher interview 92 students of educational technology in Japan. Duration was one semester. Device used was mobile phone. The phone was used to take students' attendance, send class information to students, for students to send in their homework via the phone's email, and for students to send their opinions regarding issues raised in class. Zurita 
